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Abstract. 

We report on efforts to identify large samples of very and extremely metal-poor stars based on medium-resolution 
spectroscopy and ugriz photometry obtained during the course of the Sloan Digital Sky Survey (SDSS), and its extension, 
SDSS-II, which includes the program SEGUE: Sloan Extension for Galactic Understanding and Exploration. To date, over 
8000 stars with [Fe/H] < —2.0 and effective temperatures in the range 4500 K < Tgff < 7000 K have been found, with the 
expected numbers in this temperature range to be well over 10,000 once SEGUE is completed. The numbers roughly double 
when one includes warmer blue stragglers and Blue Horizontal-Branch (BHB) stars in these counts. We show the observed 
low-metallicity tails of the Metallicity Distribution Functions for the cooler SDSS/SEGUE stars obtained thus far. We also 
comment on the confirmation of an inner/outer halo dichotomy in the Milky Way, and on how this realization may be used to 
direct searches for even more metal-poor stars in the near future. 
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INTRODUCTION 

The primary recent searches for metal-poor stars in the 
Galaxy (the HK survey of Beers and colleagues [1], 
and the Hamburg/ESO Survey of Christlieb and col- 
leagues [2]) were based on objective-prism techniques, 
followed by many years of follow-up medium-resolution 
spectroscopy with intermediate-aperture telescopes. Al- 
though this approach has been spectacularly successful, 
and has resulted in the identification of several thousand 
stars with [Fe/H] < -2.0 (VMP stars according to [3]), 
and several hundred stars with [Fe/H] < —3.0 (BMP stars 
according to [3]), only three stars have been found to date 
with [Fe/H] < -4.0 (UMP according to [3]), several of 
which are discussed in detail by other contributions in 
this volume. 

Clearly, much has already been learned from high- 
resolution spectroscopic studies of many of the HK and 
HES stars, but many questions concerning the nature of 
the first generations of objects born in the Galaxy remain 
- questions that can only be answered by obtaining a 
significant increase in the numbers of VMP, EMP, and 
especially UMP and HMP ([Fe/H] < -5.0 according to 
[3]) stars. New methods and new strategies are required. 
Here we report on one such effort, based on observations 
obtained during the SDSS and SEGUE [4]. Other survey 
methods and approaches are discussed by Christlieb et 
al. in this volume. 



Kinematic studies of the SDSS stellar calibration ob- 
jects, by Carollo et al. [5], has confirmed the (long sus- 
pected) dichotomy of the halo of the Milky Way. Aside 
from the obvious importance of this result for under- 
standing the assembly and evolution history of the halo 
itself, the fact that the outer-halo population appears to 
exhibit a Metallicity Distribution Function (MDF) that 
peaks around [Fe/H] — —2.2, roughly 0.5 dex lower than 
that of the inner-halo population, opens up the possibility 
of specifically targeting the lowest metallicity stars in the 
Galaxy if one could efficiently preselect likely members 
of the outer halo, as is discussed in more detail below. 

METAL-POOR STARS DISCOVERED BY 
THE SDSS AND SEGUE SURVEYS 

Metal-poor stars are identified from several sources 
within the SDSS and SEGUE. In the original SDSS, 
numerous metal-poor stars are found among the 16 
(color- and apparent-magnitude selected) spectrophoto- 
metric and telluric calibration stars that are targeted each 
time an exposure of a spectroscopic plug-plate (contain- 
ing a total of 640 fibers) is obtained. In addition, QSO 
candidates that turn out not to be quasars, and BHB can- 
didates that turn out to be somewhat cooler than ex- 
pected, based on spectroscopic follow-up, are often low- 
metallicity stars. Additional metal-poor stars are found 
among the calibration objects being observed during 



the ongoing LEGACY spectroscopy program. The con- 
tinuing SEGUE program specifically targets metal-poor 
stars, among the 13 or so categories it considers. There 
are also many metal-poor stars that are found among the 
F turnoff, G dwarf, and K giant target categories. As 
in SDSS, each SEGUE plug-plate obtains 16 calibration 
stars as well. The total number of stars observed spectro- 
scopically by either SDSS or SEGUE is currently over 
350,000. It should be noted that the color selection, ei- 
ther for the calibration objects or the low-metallicity can- 
didates, is not capable of discriminating between stars of 
metallicity lower than [Fe/H] = —2.0, since the effect of 
declining metallicity on broadband stellar colors is mini- 
mal in this regime. Hence, the MDF of such stars should 
be relatively unbiased below this metallicity. 

Stellar atmospheric parameters (reff, log g, and 
[Fe/H]) are determined for SDSS/SEGUE stars by appli- 
cation of the SEGUE Stellar Parameter Pipeline (SSPP), 
which is described in detail by Lee at al. [6,7]. Tests 
of the SSPP indicate that, over the temperature range 
4500 < Teff < 7500 K, external accuracies in the derived 
parameters are on the order 120 K, 0.25 dex, and 0.2 
dex, for T^g, log g, and [Fe/H], respectively. 

Figure 1 shows the MDF for the over 4200 stars from 
SDSS with adopted [Fe/H] < -2.0 (and with S/N > 
10/1). Figure 2 shows the same distribution for the 
over 2400 similar stars observed during the first year of 
SEGUE. The addition of observations from LEGACY 
and from the second year of SEGUE increases the total 
numbers of stars with [Fe/H] < —2.0 to well over 8000 
objects in the temperature range considered herein. This 
already represents roughly a tripling of the total num- 
bers of VMP stars obtained by the sum of all previous 
surveys conducted in the past half century since the low- 
metallicity star phenomenon was recognized. 

It is clear from the shapes of the MDFs in Figures 1 
and 2 that the total number of EMP stars (with [Fe/H] 
< —3.0) is declining very rapidly, with only a handful 
of stars being identified to date with [Fe/H] ^ —4.0, and 
none below this value. We address the reasons for this 
below. 



THE DICHOTOMY OF THE GALACTIC 
HALO 
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FIGURE 1. The MDF for VMP stars with 4500 K < Teff < 
7000 K observed during the course of SDSS-I. The great major- 
ity of these stars are objects taken for spectrophotometric and 
telluric calibrations. 
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FIGURE 2. The MDF for VMP stars with 4500 K < Teff < 
7000 K observed during the course of the first year of SEGUE. 
These stars include objects specifically targeted to be likely 
VMP stars, as well as calibration stars. 



The region of the Milky Way halo, beyond the thin- and 
thick-disk systems, has long been thought of as a single 
entity, comprising old stars and globular clusters that rep- 
resent the earliest populations of objects to have formed 
in our Galaxy. Although many previous studies have 
speculated that the halo may in fact be partitioned into 
inner and outer components, possibly with different kine- 
matics and spatial distributions, these studies have been 



limited by the generally small numbers of stars or globu- 
lar clusters upon which this split could be made. Hence, 
it has always remained a suspicion, not a certainty. Until 
now. Based on medium-resolution spectroscopy for an 
initial sample of 20,366 SDSS calibration stars located 
within roughly 20 kpc of the Sun, Carollo et al. [5] have 
shown that the halo is clearly divisible into two broadly 
overlapping structural components. These are: (1) the in- 




FIGURE 3. The components of space motion for the local sample of stars in Carollo et al., shown as a function of [Fe/H]. The 
dashed lines indicate the location of the Local Standard of Rest (LSR). As can be seen in the middle panel, the thick-disk and 
metal-weak thick disk population exhibits a small lag with respect to the LSR. Note also, in this panel, the large numbers of VMP 
stars with large retrograde motions (V < —220 km/s) with respect to the center of the Galaxy. 



ner halo, which is dominated by stars on highly eccentric 
orbits and exhibits a peak metallicity [Fe/H] = —1.6, as 
well as a flattened density distribution with a modest net 
prograde rotation, and (2) the outer halo, which includes 
stars that possess a wide range of orbital eccentricities 
(including many on low eccentricity orbits), exhibits a 
peak metallicity [Fe/H] = —2.2, and a spherical density 
distribution with a highly statistically significant net ret- 
rograde rotation (between V,j, = —50 and —80 km/s, de- 
pending on which subset of the data is considered). 

The kinematic analysis of the Carollo et al. data set 
is carried out for the subset of over 11, 000 stars located 
within 4 kpc of the Sun, where one can take advantage 
of the existence of reasonably accurate proper motions 
obtained from a re-calibration of the USNO-B catalog, as 
described by Munn et al. [8]. Typical errors in the derived 
proper motions are on the order of 2.5 to 3.5 mas/year, 
which is more than adequate for this exercise. Figure 3 
shows the distribution of derived UVW components of 
the space motions for these stars as a function of [Fe/H], 
as determined by the SSPP. The impact of the size of 
this sample can be appreciated by comparing with similar 
diagrams in the article by Frebel et al. in this volume. 

As is clear from inspection of Figure 3, one can clearly 
make out the presence of the concentrations of stars 
with relatively low space motions and moderately high 
metallicities, which we associate with membership in the 
thick-disk and metal-weak thick-disk populations. The 
very large velocity dispersions at lower metallicity are of 
course associated with the halo population(s) (which do 
not clearly separate from one another in such diagrams). 

Stars in the disk population(s) can be effectively elim- 
inated by considering only those stars on retrograde 
orbits. Furthermore, as one takes subsets of the stars 
that achieve maximum distances above the plane in the 



course of their orbits about the center of the Galaxy 
(Zmax) of 5 kpc or more, one can address whether or 
not they exhibit properties consistent with that expected 
from a single, or a more complex, halo population. Fig- 
ure 4 shows the distribution of [Fe/H] for stars with vary- 
ing levels of increasingly retrograde orbits, and with dif- 
ferent cuts on Zmax- As is clear from inspection of this 
Figure, as one sweeps to more retrograde orbits, and 
to greater Z^ax, the nature of the MDF changes over 
to favor stars at lower [Fe/H], and exhibits fewer stars 
with higher [Fe/H]. This is due to the change in the rel- 
ative dominance of the outer-halo population over the 
inner-halo population at low metallicity and at distances 
greater than roughly 15-20 kpc from the Galactic cen- 
ter. This dichotomy may have a profound influence on 
searches for the most metal-poor stars in the Galaxy in 
the future, as described below. 

FUTURE SEARCHES FOR THE MOST 
METAL-POOR STARS 

There are two primary techniques that have been ex- 
ploited to date for the identification of low-metallicity 
stars in the Galaxy. The first used selection of likely 
halo members based on observations of stars in the lo- 
cal volume of the Galaxy with relatively high proper mo- 
tions, e.g., Ryan and Norris [9], or Carney et al. [10]. 
The second was based on the identification of stars from 
in — situ surveys (such as the HK survey and the HES) 
that sought to find halo members based on low-resolution 
objective-prism spectroscopy to a limiting magnitude be- 
tween B - 15.5 (HK survey) and B - 17.5 (HES). The 
SDSS/SEGUE efforts are color-selected in — situ sur- 
veys, but many of the VMP stars identified to date are 



V < -100 km/s < -150 km/s V < -200 km/s 

♦ '9 9 




-3.5-3.0-2.5-2.0- 1 .5- 1 .0-0.5 0.0 -3.5-3.0-2.5-2.0- 1 .5- 1 .0-0.5 0.0 -3.5-3.0-2.5-2.0- 1 .5- 1 .0-0.5 0.0 
[Fe/H] [Fe/H] [Fe/H] 



FIGURE 4. Plots of the MDFs for stars on highly retrograde orbits with respect to the Galactic center. The left hand column 
corresponds to stars with < —100 km/s, while the middle and right-hand columns correspond to stars with more extreme 
retrograde motions, < —150 km/s and V(i, < —200 km/s, respectively. From top to bottom in each column, the panels show the 
MDFs for stars with increasing cuts on Z^ax- The vertical lines at [Fe/H]= —2.0 are shown for reference. Note that the nature of the 
MDFs changes within each column, gradually favoring stars with [Fe/H] < —2.0 at higher Z,nax- This change is even more evident 
(even though the total numbers of stars are fewer) for the most extremely retrograde columns. All of the cuts on individual panels 
with Zmax > 5 kpc are highly inconsistent, according to a K-S test, with being drawn from the same parent MDF as that of the low 
Zmax cuts shown in the upper panels. 



still relatively local. 

The interpretations of (in particular) the kinematics of 
stars selected by these two techniques has been the sub- 
ject of much debate in the literature over the years. Now 
we understand why. Stars selected on the basis of high 
proper motions favor the identification of members of 
the outer-halo population, while the apparent-magnitude- 
limited prism (and color-selected) techniques favor stars 
from the inner-halo population. We presently estimate 
that no more than 20% of halo stars within 4 kpc from the 
sun are members of the outer-halo population, but this 
number has to be confirmed from more detailed mod- 
ehng. The dominance of the inner halo continues to at 
least 10-15 kpc from the Sun; beyond that the outer-halo 
population begins to take over Although there certainly 
exist EMP stars that are members of this inner-halo pop- 
ulation, they are completely swamped by the huge num- 
bers of stars near the peak of the inner-halo MDF around 
[Fe/H] = —1.6. It is surely no accident that the three 
UMP (which includes two HMP) stars known at present 
all are either located at distances greater than 10 kpc from 
the Sun, or, in the case of HE 1327-2326 (see Frebel et 
al. [8], and also Frebel et al., this volume), exhibit kine- 
matics that place them firmly in the outer halo. 

The clear recognition that outer-halo stars are drawn 
from a population with a lower peak in its MDF ([Fe/H] 
= —2.2) than that ofthe inner-halo stars ([Fe/H]= —1.6), 
and the smaller number of stars with [Fe/H] > —2.0 that 
appear among the outer-halo object,s suggests that one 
might seek to exploit these facts in future searches for 
the most metal-deficient stars. One could, for example, 
look to survey fainter stars, in particular distant giants, 
in order to reach stars well outside the region where 
the inner-halo dominates. Alternatively, one could make 
use of proper-motion surveys (now and in the future) to 
identify stars in the local volume with large components 
of their motions in the retrograde direction (or very high 
U OT W motions), since this appears to strongly favor 
outer-halo membership. In this manner one might hope 
to efficiently identify sufficiently bright UMP and HMP 
stars that can be studied at high resolution with current 
generation 8m- 10m class telescopes, and perhaps one 
day identify the long sought Mega Metal-Poor (MMP, 
with [Fe/H] < —6.0, according to [3]) stars. 

ACKNOWLEDGMENTS 

Funding for the SDSS and SDSS-II has been pro- 
vided by the Alfred P. Sloan Foundation, the Partic- 
ipating Institutions, the National Science Foundation, 
the U.S. Department of Energy, the National Aeronau- 
tics and Space Administration, the Japanese Monbuka- 
gakusho, the Max Planck Society, and the Higher Educa- 
tion Funding Council for England. The SDSS Web Site 



is|http://www.sdss.org/l 

The SDSS is managed by the Astrophysical Research 
Consortium for the Participating Institutions. The Partic- 
ipating Institutions are the American Museum of Nat- 
ural History, Astrophysical Institute Potsdam, Univer- 
sity of Basel, University of Cambridge, Case Western 
Reserve University, University of Chicago, Drexel Uni- 
versity, Fermilab, the Institute for Advanced Study, the 
Japan Participation Group, Johns Hopkins University, 
the Joint Institute for Nuclear Astrophysics, the Kavli 
Institute for Particle Astrophysics and Cosmology, the 
Korean Scientist Group, the Chinese Academy of Sci- 
ences (LAMOST), Los Alamos National Laboratory, the 
Max-Planck-Institute for Astronomy (MPIA), the Max- 
Planck-Institute for Astrophysics (MPA), New Mexico 
State University, Ohio State University, University of 
Pittsburgh, University of Portsmouth, Princeton Univer- 
sity, the United States Naval Observatory, and the Uni- 
versity of Washington. 

T. C. B acknowledges support from grants AST 04- 
06784, AST 07-07776, and PHY 02-16783, Physics 
Frontier Centers/JINA: Joint Institute for Nuclear Astro- 
physics, awarded by the U.S. National Science Founda- 
tion. D. C. is grateful to JINA for support of her long- 
term visitor status at Michigan State University, where 
this analysis took place. 

REFERENCES 

1. T. C. Beers, G. W. Preston, and S. A. Shectman, AJ 103, 
1987-2034 (1997). 

2. N. Christlieb, "Finding the Most Metal-poor Stars of the 
Galactic Halo with the Hamburg/ESO Objective-prism 
Survey," in The Cosmic Circuit of Matter, edited by R. E. 
Scheilicke. Reviews in Modern Astronomy, 16, New York: 
Wiley, 2003, pp. 191-206. 

3. T. C. Beers and N. Christlieb, "The Discovery and Analysis 
of Very Metal-Poor Stars in the Galaxy," in Annual Reviews 
of Astronomy and Astrophysics, 43, 2005, pp. 531-580. 

4. D. G. York, et al.. A/, 120, 1579-1587 (2000). 

5. D. Carollo, T. C. Beers, Y. S. Lee, M. Chiba, J. E. Norris, 
R. Wilhelm, T. Sivarani, B. Marsteller, J. A. Munn, C. A. L. 
Bailer-Jones, P. Re Fiorentin, and D. G. York, Nature, 
submitted (astro-ph/0706.3005) (2007). 

6. Y. S. Lee, T. C. Beers, T. Sivarani, C. Allende Prieto, L. 
Koesterke, R. Wilhelm, J. E. Norris, C. A. L. Bailer-Jones, 
P. Re Fiorentin, C. M. Rockosi, B. Yanny, and K. R. Covey, 
AJ, submitted (2007). 

7. Y. S. Lee, T. C. Beers, T. Sivarani, J. A. Johnson, D. An, 
R. Wilhelm, C. Allende Prieto, R Re Fiorentin, C. A. L. 
Bailer-Jones, J. E. Norris, B. Yanny, C. M. Rockosi, K. M. 
Cudworth, and K. Pan, AJ, submitted (2007). 

8. J. A. Munn, et al., AJ 127, 3034-3042 (2004). 

9. S. G. Ryan and J. E. Norris, AJ 101, 1835-1864 (1991). 

10. B. W. Carney, D. W. Latham, J. B. Laird, and L. A. 
Aguilar, Ay 107, 2240-2289 (1994). 



